In this paper a new approach is proposed to mitigate the directional overcurrent relay coordination problem, which arises from connecting distributed generation (DG) 
INTRODUCTION
Distributed Generation (DG) has been broadly used in recent years to supply energy. The electric energy production from DG is progressively taking an important part of the total amount of the required energy in power systems, and consequently, the reliable running of DG will be important to the reliability of power supply, when lots of them would be integrated. DG resources are relatively small, usually in kW to MW range, generally connected to the grid at substation, distribution feeder or customer loads at customer premises and many of them make use of new technologies which generate power in the form of Direct Current (Photovoltaic, Fuel cells, …) or in the form of Alternate Current at a frequency different from the required 50/60 Hz (Wind generators, Microturbine,…) [1] . The interconnection of DG brings a great change to the configuration of the utility distribution network. In many instances DG is available in locations where utility grid is very weak. The weak networks impose many operational constraints when connecting DG and therefore utilities tends to impose large safety margins when allowing DG interconnection. Some of the operational issues of DG interconnection include violation of voltage and line flow limits, fault current exceeding switchgear rating and stability issues. Circuit breaker ratings and relaying coordination designed for systems, without DG, may not be able to cope with the new situation [2] . As a result, this leads to a big challenge for its control and management. Present standards for interconnecting DG with the network are mostly based on the principle that DG should not have detrimental impact on the normal operation of utility protection and control system [3] . For example, it is indicated that DG should not actively participate in the voltage regulation, or in the case of a fault in the dispatched system, it should be quitted from the network to ensure the right operations of the protective devices. With these restrictions, the security of the system is guaranteed but the interests of the power suppliers and customers are sacrificed, since it brings negative effect to the reliability of power supply and system restoration [4] . When DG in the form of synchronous/asynchronous generators, is connected to the present network, it produces an additional fault current which may disturb the previously coordinated protective relays. Thyristor Controlled Series Compensator (TCSC) will be a good competitor for solving most of the above mentioned problems due to its controllable impedance characteristic and simple structure. So far TCSC is widely used in transmission networks to increase power transfer capability, to improve the transient stability, to reduce transmission losses and to damp the power system sub-synchronous fluctuations [5] . In this paper, an application of TCSC to overcome some of these issues is presented; especially its fault limiting capability is investigated. Implementation of TCSC to locally limit the DG fault current, have a very attractive advantage, and that is restoring the original relay coordination. The proposed restoration approach is carried out without altering the original relay settings or disconnecting DG from power delivery systems during fault. Therefore, it makes use of the existing relay devices and protective scheme; and avoids the synchronization problems associated with reconnecting DG into the power delivery systems. Hence, the proposed approach is valid under the current practice of disconnecting DG and in the emerging trend of maintaining DG in service during fault. Furthermore, implementing TCSC as a fault current limiter adds an economic opportunity to limit the short-circuit currents without the need for upgrading equipments.
RELAY COORDINATION APPROACH
The optimal coordination problem of directional overcurrent relays using the optimization technique consists of minimizing an objective function (performance function) subject to limits on problem variables and certain coordination constraints. Few papers [6] - [7] have used the six-pair currents method for constituting the constraints of the problem. In this method, each backup-primary (B/P) Prague, 8-11 June 2009 Paper 0041 CIRED2009 Session 4
Paper No 0041 pair introduces six constraints in the optimal relay coordination problem. The objective function is constituted as the sum of the operating times of primary relays for different fault locations. Near-end and far-end faults are the simplest ways to find the critical coordination cases. In figure 1 , the near-end fault and the far-end fault for relay R prim_near are shown, where T prim_near and T backup_near are the operating times of primary relay R prim_near and backup relay R backup_near , respectively, for the near-end fault of relay R prim_near . Assuming a network of N relays, the near-end objective function Z near-end to be minimized can be expressed as:
The selectivity constraint is as:
CTI is the time coordination interval. As usual, limits on relay settings (TDS and Ip) and bounds on the operation times of primary relays are the other coordination constraints. 
TCSC PERFORMANCE AS FCL
The basic structure of TCSC is shown in Fig.2 . It is mainly constituted by four parts: series compensating capacitor C, bypass inductance L, bi-direction thyristor SCR and zinc oxide voltage limiter MOV. The degree of TCSC basic compensation is controlled by the capacity size of capacitor C. The main function of bypass inductance L is to reduce the short circuit current and the energy absorbed by MOV. The capacitor Xc and inductor X L are selected with respect to the minimum capacitive and inductive reactance requirement of the distribution system. According to the impedance characteristic of TCSC, two impedance regions can be identified: Inductive and capacitive [5] . When the firing angle is reaching resonance angle the impedance of the TCSC can be infinitely large and that region should be avoided. Generally, when the trigger angle is 55 The voltage control status is designed such that when the voltage is less than the set level, the TCSC is switched to variable capacitive impedance mode, whereas when the voltage is higher than the set level, the TCSC is switched to variable inductive impedance mode. Whenever there is a fault the TCSC is taken into high inductive impedance region thus limiting the fault current. The amount of current limiting can be controlled by adjusting the firing angle.
Figure 2 Configuration of TCSC
In inductive boost mode the circulating current in the TCSC thyristor branch is bigger than the line current. In this mode, large thyristor currents result and further the capacitor voltage waveform is very much distorted from its sinusoidal shape. The peak voltage appears close to the turn on.
SAMPLE POWER SYSTEM
The sample system used for simulation is the IEEE 30 bus system shown in figure 3 [4] . It has 6 generators, 3 synchronous compensators, 21 loads, 41 lines of 132kV and 33kV, 4 tap changing transformers, and 2 shunt capacitors. Connection of a DG to a real distribution network through TCSC is studied to investigate the performance of the proposed method. The system is modeled by taking into consideration the transformers' tap changers and aggregated loads represented by constant power models. The sample system is fed from three primary distribution substations (132/33 kV) at buses 10, 12, and 27. Each primary distribution feeder is protected by two directional overcurrent relays, one relay at each end. The 33kV side is assumed to have 29 existing directional overcurrent relays and the system is originally well coordinated. It is assumed that all relays are identical and have the standard IEEE standard inverse relay curves with the following approximate formula. The Coordination Time Interval (CTI) is assumed to be 0. where TDS is the Time Dial Setting, I f is the fault current, log is logarithm in the base of 10, and I P is the pick-up current of the relay. This equation is in good consistency with the other equations proposed by ANSI/IEEE and IEC for standard inverse curves.
Figure 3: IEEE 30 bus as the sample power system
Two locations for DG are assumed (each at a time); substation bus 12 and load bus 19. The 27 MVA, 18.7 MW, 12.5 kV DG is connected to the sample network through a transformer which is assumed to be 25 MVA, 12.5/33 kV, 10% leakage reactance from its own base and X/R ratio equal to 10. In order to investigate the performance of the TCSC in distribution system, proposed TCSC is connected in series with the DG. The DG is simulated with its required active power and constrained by the minimum and maximum reactive power that can be generated in normal operating conditions. An application study of current limiting feature of TCSC for a sample distribution network is carried out using DigSilent, a commercial package for power system electromechanical and electromagnetic dynamic simulation [8] . Figure 4 shows the network created by using DigSilent. Relays are designated according to their near-end and far-end buses. For example, for a small part of the sample power system, relays are numbered as in figure 5. In the original network before a DG connection at bus 12, the maximum fault current through relay R 12-14 is about 7.1 kA. Connection of the DG to bus 12 increases the fault level of the same relay to 7.7 kA, thus may affect the coordinated relays. For the same location of DG at bus 12, the maximum fault current through relay R 19-10 is changed from 1.8 kA to 1.9 kA. Table 1 shows the maximum fault currents through some selected relays before and after connection of DG to bus 12 and bus 19, one at a time.
The operating time of R 19-20 as back-up of R 9-17 is 0.3s higher for a near-end fault of R 9-17 without DG, while this CTI reduces to 0.12s when DG is connected to bus 12, hence coordination is lost. This can be interpreted as miscoordination due to the fault current increase according to Table 1 . As another example, the operating time of relay R 24-22 as back-up of relay R 9-17 is 0.3s higher for a near-end fault of R 9-17 without DG, while this CTI reduces to 0.22s when DG is connected to bus 12, hence coordination is affected. The same condition arises, when DG is connected to bus 19. For example, the operating time of R 15-14 as back-up of relay R 12-16 is 0.3s higher for a near-end fault of R 12-16 without DG, while this CTI reduces to 0.11s when DG is connected to bus 19. In order to limit the fault current when DG is connected to the power system, the specified TCSC is applied in the sample system according to figure 6. The CTI is kept within its pre-defined value, i.e., 0.3s by applying TCSC, although in some cases it becomes marginally less than this value, it is still acceptable. TCSC impedance during faults could be managed by controlling the firing pulse angles. The required inductive impedance to keep the fault current contribution from DG at the required level is calculated and the associated firing angle is achieved in this way. For the sample power system, the required inductive impedance is around 220Ω. 
CONCLUSION
In this paper a new approach is presented to restore the original relay coordination in distribution power systems, utilizing DG by implementing TCSC as a FCL. When TCSC operates in fault current limiting mode, it limits the contribution of DG in fault current during a disturbance anywhere in the distribution power system. The results show the effectiveness of the proposed approach in restoring the original relay coordination. This approach has the privilege of restoring the relay coordination without altering the existing relay settings or the obligation to disconnect DG from the power system during emergencies. Therefore, it makes use of the existing relay devices and protective scheme; and avoids the synchronization problems associated with reconnecting DG into the power system. Furthermore, implementing TCSC adds an economic opportunity to limit the buses' short-circuit currents without the need for the buses' equipment upgrading. During normal operation of distribution power system, TCSC operates as a voltage regulator, thereby allows to injecting more DG power to the grid without violating the voltage limits.
